Flagellar and chemotaxis genes are transcribed at a discrete time in the Caulobacter cell cycle. We demonstrate here that the expression of the Escherichia coli chemoreceptor gene tsr, with 2.6 kilobases of its upstream sequence, is temporally controlled in Caulobacter crescentus. The tsr gene was placed on the chromosome in single copy or on a low-copy-number plasmid. It was found that the Tsr protein appeared at the same point in the cell cycle as an endogenous C. crescentus methyl-accepting chemotaxis protein. Nuclease S1 mapping experiments showed that the tsr transcript was also controlled by the cell cycle, suggesting that the E. coli tsr gene is regulated by C. crescentus factors that mediate the timing of transcription initiation. The apparent transcription start site of the E. coli tsr gene was determined in both E. coli and C. crescentus, and we found that in both backgrounds the promoter used conforms to the consensus sequence for the promoters of the flagellar and chemosensory genes of Bacillus subtilis and E. coli. The use of this promoter suggests that C. crescentus has a cognate ac factor and predicts that other C. crescentus genes are expressed from this consensus promoter.
Caulobacter crescentus undergoes a simple developmental program under normal growth conditions (for review see refs. 1 and 2). One aspect of this program is the synthesis of flagellar and chemotaxis proteins at specific times in the cell cycle. The formation of the flagellum and chemosensory apparatus requires the expression of >40 genes (3, 4) . The transcription of these genes is under tight temporal regulation and their ordered expression is further controlled by a trans-acting hierarchy (5) (6) (7) . In Escherichia coli (8, 9) the genes involved in flagellum biogenesis and chemosensory function have also been shown to be organized in a regulatory hierarchy.
In such diverse bacteria as E. coli, Bacillus subtilis, C. crescentus, and Salmonella typhimurium, the flagellum is composed of a basal body, a hook, and a filament of remarkably similar structure (10) . In addition, chemotaxis proteins of these bacteria share many characteristics. Antibody raised against S. typhimurium methyl-accepting chemotaxis proteins (MCPs) crossreacts with MCPs from B. subtilis, E. coli, and C. crescentus (11, 12) . Furthermore, a functional equivalence exists between the chemotaxis methylation apparatus of E. coli and C. crescentus (12) . For example, soluble fractions containing methylesterase and methyltransferase activity from E. coli are able to specifically methylate and demethylate MCPs present in membrane fractions isolated from C. crescentus (12) .
To determine whether C. crescentus and E. coli share regulatory signals that modulate the expression of thefla and che genes, we have studied the expression of the E. coli tsr gene, which encodes a MCP, in C. crescentus. The product of tsr mediates the detection of serine and other ligands during chemotaxis (13) . A single copy of the entire tsr gene along with 2.6 kilobases (kb) of DNA 5' to the start of transcription was recombined into the C. crescentus chromosome. In other constructs, the tsr gene was maintained extrachromosomally on a low-copy-number plasmid in C. crescentus. The experiments reported here suggest that the upstream sequences of the E. coli tsr gene contain control elements that are recognized by C. crescentus factors that may regulate the temporal expression of endogenous flagellar and chemosensory genes.
MATERIALS AND METHODS
Bacterial Strains and Growth Conditions. C. crescentus was grown at 30°C in either minimal glucose medium (14) or complex PYE medium. E. coli was grown in LB medium. Cultures of C. crescentus CB15N and its derivatives were synchronized as described (15, 16) .
Immunoprecipitation of Pulse-Labeled Cells. Synchronized swarmer cell cultures were grown at 30°C and aliquots taken at various times in the cell cycle were mixed with 15 ,uCi of
[35S]methionine (1000 Ci/mmol; 1 Ci = 37 GBq). Incorporation of label was allowed to proceed for 10 min and the cells were then lysed, preadsorbed with formalin-fixed Staphylococcus aureus cells, and immunoprecipitated with anti-Tar antibodies according to the procedure of Gomes and Shapiro (12) . The immunoprecipitated proteins were resolved by SDS/10% polyacrylamide gel electrophoresis. The gels were dried and fluorograms were obtained.
Construction of Plasmids and Plasmid-Integrated Strains. The plasmid pPA63, kindly given to us by J. Parkinson (University of Utah), is a pUC derivative containing the entire E. coli tsr gene (on a 5.1-kb EcoRI-HindIII fragment), including 2.6 kb of DNA 5' to the start of the gene. A HindIII fragment from pSUP5011 (17) containing a neo gene encoding neomycin phosphotransferase II (NPT II) and the mob functions of RP4 was ligated into pPA63 cut at its unique HindIII site. The resulting plasmid, pPFPA63NM, could be introduced into C. crescentus by conjugation at high efficiency. By virtue of its Col El replicon this plasmid replicates in E. coli but not in C. crescentus. Illegitimate recombination of pPFPA63NM into the chromosome of C. crescentus CB15 was selected for by virtue of resistance to kanamycin. The E.
coli strain S-17-1 (RP4-2-TC: :Mu-Km: :Tn7, Pro, res-, mod') (17) containing the plasmid pPFPA63NM was mated with a rifampicin-resistant strain of C. crescentus CB15 [SC1488, a gift from Bert Ely (University of South Carolina)]. A kanamycin-and rifampicin-resistant isolate, AE7003, was obtained. Southern blot analysis showed that a single copy of the plasmid had recombined into the chromosome at a unique location (data not shown). Recombination occurred between Abbreviation: MCP, methyl-accepting chemotaxis protein. 4061 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (20) and modified by Amemiya et al. (21) . S1-resistant hybrids were analyzed in 6% acrylamide/8 M urea gels.
RESULTS

Construction of Caulobacter Strains
Containing the E. coli tsr Gene. The purpose of this study was to examine expression of the E. coli tsr gene under the control of its native upstream sequence elements when it was placed in C. crescentus. We constructed two strains of C. crescentus, one with tsr in single copy on the chromosome and a second strain with tsr present extrachromosomally on a low-copy-number plasmid. In these constructs we included a large region of E. coli DNA 5' to the start of the tsr coding sequence.
The plasmid pPA63 contains an E. coli chromosomal fragment with the 1611-bp tsr gene and 2.6 kb of sequence 5' to the start of the gene (13) . A single copy of tsr was placed in the C. crescentus chromosome by illegitimate recombination using a modified version of pPA63. Construction of this plasmid and the resultant chromosomal insertion is described in Materials and Methods.
The tsr-containing plasmid, pPFPA63NM, was employed to integrate a single copy of the E. coli tsr gene into the C. crescentus chromosome. One of the resultant strains, AE7003, was shown by Southern blot analysis to have an integrated copy of the entire plasmid in the chromosome. AE7003 showed no new chemotaxis phenotype, was motile, and grew with a normal generation time in both rich and minimal media.
Construction of a low-copy-number plasmid bearing the tsr gene is described in Materials and Methods. A 4.5-kb Bgl II fragment with 2.1 kb of native E. coli sequence 5' to the start ofthe tsr gene was taken from pPA63 and inserted into the Bgl II site ofeither pLA2910 or pLA2917. The inserts in these two plasmids are in opposite orientation with respect to the kanamycin gene promoter, which is between the HindIII and Bgl II sites in both plasmids (18) . These plasmids were then introduced into C. crescentus by conjugation.
Synthesis of the Tsr Protein in C. crescentus. Synthesis of the Tsr protein was monitored by probing Western blots of whole-cell extracts with antibody raised against the highly homologous Tar MCP of S. typhimurium (22) . Crossreactivity of anti-Tar antibody with Tsr has been documented (23) . The Tsr protein migrates in a SDS/polyacrylamide gel as a 64-kDa protein whether it is synthesized in E. coli or C. crescentus (Fig. 1 ). Cell extracts prepared from C. crescentus strains CB1SN, CB1SN/pLA2910, and CB15N/pLA2917, all of which lack the tsr gene, showed no crossreacting protein migrating at -64 kDa (Fig. 1, lanes 1, 5, and 6 ). However, C. crescentus strain AE7003N2, with a single copy of tsr in the chromosome, showed strong expression of the Tsr protein (lane 2). Although the Tar antibody crossreacts with the 72-kDa endogenous MCP protein (12) , it does so relatively weakly. A crossreacting band at 72 kDa is not visible in this Western blot but has been detected in immunoprecipitates of labeled cells (see Fig. 2 ). C. crescentus CB1SN containing pPF2910-TSR or pPF2917TSR showed higher levels of expression of the Tsr protein than AE7003N2. (Fig. 2) . In these experiments the expression of Tsr was found to be temporally controlled during the C. crescentus cell cycle whether tsr was on a plasmid ( Fig. 2A) or in single copy on the chromosome (Fig. 2B) . In CB1SN/ pPF2910TSR, synthesis of Tsr was maximal at 135 min and apparently decreased later in the cell cycle ( Fig. 2A) . In AE7003N2, Tsr synthesis increased at 120 min and reached maximal synthesis at 180 min in the predivisional cell (Fig.  2B) . Fig. 2A A protected fragment of z215 bases was observed with RNA derived from C. crescentus containing tsr on the chromosome or on a plasmid. This fragment comigrated with a 215-base protected fragment from the E. coli strain S-17-1/pPF2910-TSR, indicating that the site of transcription initiation was similar in both bacteria. A protected fragment was not observed in the wild-type C. crescentus strain.
When synchronized cells were used as a source of RNA, the tsr transcript was detected late in the cell cycle both in AE7003N2 and in CB15N carrying pPF2910TSR (Fig. 4) . These results indicate that the transcription of the E. coli tsr gene is temporally controlled in C. crescentus. The transcript of the plasmid-borne tsr was detected only at 180 min (Fig.  4A, lane 5) , although synthesis of the Tsr protein had decreased by 180 min (Fig. 2A) . We cannot explain this apparent difference. The synthesis of the tsr transcript (Fig. 4B ) and its protein product (Fig. 2B ) coincided in the strain containing a chromosomal copy of the tsr gene. Synthesis was maximal at 180 min in both experiments.
The tsr Transcription Start Site. The apparent tsr transcription start site was determined in both E. coli and C. crescentus by nuclease S1 mapping (Fig. 5) using the Kpn I-Mlu I end-labeled probe described in Fig. 3 . The protected fragments were run next to a sequencing ladder made by the dideoxynucleotide procedure of Sanger et al. (25) . Each reaction mixture was digested with Mlu I so that the S1-protected fragment would comigrate with the proper base in the sequence ladder. Fig. 5A shows the protected fragment obtained from C. crescentus AE7003N2 (with the tsr gene on the chromosome) run against the sequencing ladder of that region. The sequence TTGCATCG is adjacent to the protected fragment with the adenine and thymine nucleotides as the major start sites of transcription. Fig. SB shows the protected fragment obtained from E. coli S-17-1 containing tsr both on its chromosome and on the plasmid pPF2910TSR. The start site observed in E. coli appears to be two to three bases 3' to the start site observed for tsr in the C. crescentus background. The apparent site of transcription initiation of the tsr gene in C. crescentus relative to the upstream "or28" promoter consensus sequence is shown in Fig. 6 . The initiating nucleotide in the template is in the appropriate position for the utilization of this promoter, suggesting that C. crescentus has a oC factor that is analogous to the B. subtilis v.28 (26, 27) and to the recently identified homolog from E. coli (28) .
DISCUSSION
We have investigated the expression of the E. coli major chemoreceptor gene, tsr, on the chromosome or on a plasmid in C. crescentus. We found that the production of the Tsr protein and the tsr transcript was temporally controlled in C. crescentus. This timed expression appears to be due to the presence of E. coli sequences in the 5' nontranscribed region of the tsr gene. This conclusion is supported by the findings that (i) temporal expression of the gene was observed in cells harboring the tsr gene either on a plasmid or on the chromosome and (ii) the in vivo transcription start site in C. crescentus or in E. coli was shown to be near an E. coli consensus promoter in the sequence 5' to the gene.
The time of expression of this foreign MCP gene coincided with the turn-on of an endogenous C. crescentus MCP gene, suggesting that there might be regulatory elements held in common by the two genes. If regulation occurs at the transcriptional level, these genes might be responding to the same trans-acting element that controls timing in C. crescentus. Conserved sequences have been detected in the 5' region of all B. subtilis, E. coli, and S. typhimurium flagellar and chemotaxis operons that have been sequenced. These sequences reside at positions -10 and -35 from the start of transcription (26, 27) and appear to be promoter sites recognized in vitro and in vivo by RNA polymerases containing alternative o factors, cr28 in B. subtilis and o-in E. coli (28) .
Analysis of the flagellar and chemotaxis gene cascade in E. coli has shown that the flbB operon acts to control the expression of all the genes in the cascade (8, 9, 29) . Recently, the E. coliflbB andflaI amino acid sequences were shown to be similar to different regions of the B. subtilis o28 (29, 30 respectively. the putative promoter sequence for the E. coli tsr gene is shown in Fig. 6 . We have demonstrated here that the apparent transcription start site of the E. coli tsr gene in vivo places the sequence TAAAN15GCCGAAAA in correct position for this o28-like recognition sequence to act as the promoter for the tsr gene in C. crescentus. This transcription start site was found to be the same for the chromosomal and plasmid copies of tsr in C. crescentus and for the tsr gene in E. coli.
It has recently been suggested that the entire network of flagellar and chemotaxis genes in E. coli, and perhaps S. typhimurium and B. subtilis, forms a regulon that contains similar promoters all read by a cr28-containing RNA polymerase (27) (28) (29) (30) . In contrast, analysis of the network of flagellar genes in C. crescentus has revealed that there is a subset of promoter sequences that show strong identity with the "nif-ntr" promoter elements of genes involved in nitrogen metabolism in a variety of bacteria ( Fig. 6; refs. 31-33 ). These nif-ntr promoters have conserved elements at -12 and -24 nucleotides upstream from the transcription start site. However, there are at least three temporally regulated flagellar genes, flaO, flgJ, and flaE, whose promoter regions contain sequences that do not conform to either the a-70 or nif-ntr consensus promoters (32 regions that are similar, but not identical, to the o.28 -10 consensus promoter region, and confirmation of the identity of these promoters awaits biochemical analysis. It appears that flagellar and chemotaxis gene regulation in C. crescentus might involve several oa factors as is the case for transcription of sporulation genes in B. subtilis (34) . Surprisingly, the tsr 5' region contains a sequence with considerable identity to the nif-ntr promoter sequences (31, 33) . However, the crucial spacing between the conserved upstream GG doublet and the conserved downstream GG doublet is 11 bases, not 10. In addition, the apparent start of transcription in vivo was mapped to the base immediately following the sequence TTGC, and thus this nif-ntr consensus sequence would be too close to be used as the promoter in either E. coli or C. crescentus.
The use of an alternative o, factor, however, is not the sole criterion for controlling the time oftranscription initiation ofC. crescentus. Several flagellar genes have the same consensus nif-ntr promoter sequence, yet they exhibit different times of transcription initiation (31, 32, 35) . Clearly, additional factors must be used to order the time of expression of this complex network of genes. The construction of the flagellum and the chemotaxis apparatus requires the ordered expression of genes, and in both E. coli (8, 9) and C. crescentus (5-7) these genes have indeed been shown to be organized in a hierarchy of transcriptional regulation. It is tempting to speculate that in E. coli, as well as in other bacterial species, the expression of genes in the flagellar and chemotaxis network is temporally controlled as a function of the cell cycle.
